






Climate change and food-water supply from Africa’s drylands: local impacts and teleconnections through global commodity flows 

ABSTRACT This paper uses the WaterWorld Policy Support System, coupled with a global database for commodity flows to examine the impacts of AR4 SRES climate change scenarios on on Africa’s drylands and the commodity flows that originate from them.  We show that changes to  precipitation and, to a lesser extent, temperature in Africa’s drylands can significantly affect the potential to supply water-for-food locally and internationally.  By comparing the geographical distribution of climate change with the supply chain-connected distribution of climate change we show how food-water impacts of climate change may affects dryland populations locally but also those dependent upon these flows from afar. 
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Introduction
We all know that the climate disruption expected to result from increasing concentrations of atmospheric greenhouse gases will have impacts on the climates of many countries.  In all countries temperatures will increase.  In some countries there will be more rainfall than at present and in others less.  Such changes may have profound direct impacts on the food-water-energy conditions in some of these countries.  This will be particularly true for populous dryland countries that already have  marginal climates and water stressed agricultural systems.  
However, many such countries  already mitigate against the aridity or inter-annual variability of their climates by importing significant proportions of their food (and thus food-water) consumption from overseas.   Some will have greater food-water security than now, some will have less than now, all will have different to now, as local productivity and global markets react to these changes. But, the future for food -insecure countries will also depend upon the impacts of climate change on food-water availability in the countries that export embedded water to themthey import food from  and/or the countries in which food insecure countrieswhere they have agricultural foreign direct investments. Thus, thee food-security future for such countries -and all othersall - thuscountries depends upon the impacts of climate change on food-water, locally and also at the supply-end of the supply chains that these co0untries depend upon. 

Objectives
This paper uses the WaterWorld Policy Support System (http://www.policysupport.org/waterworld), coupled with a global database for commodity flows to examine the impacts of AR4 SRES (Special Report on Emissions Scenarios) climate change scenarios on on Africa’s drylands and their commodity export flows .  We hypothesise that climate change in Africa’s    drylands will result in changes in the water availability that sustains commodity flows to many countries and that these impacts will differ between commodities and countries affected according to the geographical distribution of production areas for those commodities in relation to the geographicval distribution of projected climate change.  This is thus the first study to map Africa’s climatic future and its impact on water-food and energy both locally and along international commodity supply chains.  (​http:​/​​/​www.policysupport.org​/​waterworld​)
WaterWorld is a sophisticated water balance model capable of modelling the impacts of climate change scenarios on the baseline water balance for any region of the world.  Full details of the model specification and input datasets are given in Mulligan (2013).  We use WaterWorld to compare baseline (WorldClim 1950-2000, Hijmans et al., 2004) climate conditions with a SRES A2a climate scenario ,downscaled to 1km resolution using the delta method relative to the WorldClim climate baseline (see Mulligan et al., 2011).  The SRES (Nakicenovic et al., 2000) A2A scenario represents high growth and a global 3.5°C warming relative to 1990 by 2100.  Data from this scenario were used as monthly downscaled GCM output (Ramirez and Jarvis, 2010) for temperature and precipitation. Only monthly temperature and precipitation change was examined since most GCMs only provide these variables.  Population, land use and international commodity flows are assumed to  remain similar to their baseline levels, since it is rainfall change that we are interested in.  For Africa at 1km resolution this means doing calculations over almost 78 million pixels for each map.  Though challenging, this level of spatial detail is important given the complex and detailed geographical patterns and overlap of  croplands, pastures and dryland climates and the importance of climate for agriculture.  Though the study area is the whole continent of Africa and outlying islands, we focus on Africa’s drylands for many of the analyses.

The African distribution of drylands revisited

Drylands are commonly classified on the basis of rainfall or of the ratio of rainfall (P) to potential evapotranspiration (PET) as P/PET.  We first compare these standard metrics for Africa with some novel ones that offer alternative assessments of the distribution of drylands.  We focus on annual total metrics rather than those that examine seasonality since seasonal data for some of these variables is less available.   Our interest is the driest lands so we include the ‘hyper-arid’ and ‘arid’ classifications according to the UNEP (1997) classification and thus assume that arid conditions prevail at <300mm/yr of rainfall according to WorldClim rainfall data (Hijmans et al., 2005). These conditions produce the distribution of African arid lands shown in Figure A1(a), amounting to ≈15M km2 . Figure A1(b) shows the distribution if we use the UNEP (1997) definition of aridity as P/PET<0.2 (using the WorldClim based aridity index of Trabucco and Zomer, 2009) and produces 16M km2 with greater extents in SW Africa and the Horn of Africa.  
The former are commonly used measures of climatic aridity, but a climatic measure that has not seen use to date for this purpose is  cloud frequency.  Cloud frequency is likely to be related to aridity since a low cloud frequency means lower rainfall but also higher direct solar radiation loads.  Figure A1(d) shows cloud frequency from the MODIS sensor on NASA’s TERRA and AQUA satellites for all observations from 2000-2006.  The MOD35 cloud product is used to assess the number of cloud observations per 1km pixel and these are presented here as a fraction of the total number of observations using the global climatology produced by Mulligan (2006).  If we examine areas that are cloudy for <30% of observations, we find a similar distribution as for the standard aridity index for North Africa, Saharan and sub-Saharan Africa, but a significant extension in southern Africa, SW Madagascar, Kenya and Tanzania.  The overall extension increases to 17M km2. 

Areas classified as arid are characterised by a low biological potential of the land, but where there are flows of water from upstream, extensive irrigation or compensating environmental conditions such as high inputs of fog, this reduction in productivity may not be observed on the ground.  We can thus also look to estimates of vegetative productivity itself to characterise true drylands.  Mulligan (2009a) produced a global dataset for mean dry matter productivity. This is calculated from analyses of dry matter production data made available by VITO (http://www.geoland2.eu/) every ten days over the ten year period (1998-2008) from 1km resolution SPOT-VGT NDVI data.  Dry Matter Productivity represents the daily growth of standing biomass.  Figure A4(c) shows productivity< 2000 Dg/ha/day (0.6 kg/m2/yr).  These levels of productivity clearly have a very similar distribution to the standard aridity index (also covering ≈17M km2).  But, this aridity index extends into the Great Lakes since the SPOT-VGT data considers only terrestrial plant productivity and lake values are thus low.  Bright spots also include the river Nile: though these areas and their populations would be considered arid in the climatically-based characterizations, they are not so on the ground because of the presence of rivers. We will continue this paper using the standard aridity metric (see Figure A2) but readers need to bear in mind that there is no single best definition and that climatically defined drylands may not all be hydrologically or productively dry even if they are climatically dry.


Aridity in Africa and the Water-Food-Energy Nexus

Within these drylands we now examine the distribution of land used for food (i.e. croplands and pastures), water and energy (as represented by the watersheds of dams) and the size of the local populations to be supplied with food, water and energy.  The croplands and pastures map of Ramankutty et al. (2008) was used to represent current croplands and pastures for all croplands (fractional cover) and pastures (fractional cover) all of which were masked by the aridity metric to represent drylands only.  Ramankutty's data combines agricultural inventory data and satellite-derived land cover data to map land use to form the only comprehensive characterisation of the distribution of global agriculture at the year 2000.  Figure A3(a) shows croplands in arid zones of Africa indicating a coverage of 2.7M km2 (8.9% of Africa) which is home to 110M people (13 % of Africa) calculating using Landscan (2007).  For Landscan, sub-national level census counts for periods around 2007 were distributed within a 1km resolution grid based on likelihood coefficients generated from proximity to roads, slope, land cover, nighttime lights, and other data sets.  It is the most spatially detailed global population dataset available. 
Rangelands in arid zones of Africa cover 6.9M km2 (23%) and 118.5M people (14% of Africa’s population). Some 2.9M km2 (9.6%) in African arid lands is part of the watershed of a large dam (according to the database of Mulligan et al., 2011 of concrete dams with wall 15m or higher at 2010) used for water supply or hydropower: much of this watershed area is subject to very high aridity (i.e. a very low aridity index, blue colours).  Finally, population concentrations of 10 persons/km2 or more cover 6.9M km2 (43% of the African dryland area) and incorporate some 118.5 M people (14% of Africa’s total).

Climate change in Africa’s Drylands

Climate change will impact countries directly as their annual total rainfall and mean temperature change (alongside myriad changes in timing, seasonality and intensity of weather) but also indirectly as climate change impacts neighbouring or even far away areas which form part of their food, food-water and energy supply-chains.  Here we examine both of these effects with reference to African drylands in recognition that African drylands provide significant inputs to the food, food-water and energy supply of the MENA region today.  Moreover, significant foreign direct investments in African drylands promise even deeper connectivity between food-water-energy demand from unproductive drylands in high-income countries and supplies from more productive drylands in lower income countries. We focus on changes in precipitation since this variable has significant direct impacts on food-water.  Effects of temperature change are also considered but, given the uncertainties involved and the scale of this study, a full analysis  of crop-specific growth and development under multi-variable climate variability and change is not possible.

Climate change in Africa’s drylands, by basin

We use WaterWorld to apply a SRES A2a 2050s scenario using a GCM ensemble of 5 GCMs (van Soesbergen, 2011).  The GCMS chosen were: CCCMA_CGCM31, CSIRO_MK30, IPSL_CM4, MPI_ECHAM5, UKMO_HADCM3, all of which are well-respected GCMs. The A2a scenario is at the higher end of the SRES emissions scenarios, producing >3°C globally by 2100.  In Figure A4, we examine projected change in annual mean temperature and annual total precipitation for Africa’s drylands, by basin and in Figure A5 by country.  By basin we see that, under this scenario, dryland temperature (4a) is expected to increase throughout the region by between 1 and 3°C with the greatest warming in the dryland areas of basins of the ‘North Interior’ and the ‘South Interior’.  Rainfall (b) increases in most African dryland basins but decreases in some.  Significant increases are observed throughout the drylands of the ‘North Interior’ basin and in the ‘North East Coast’ basin, the ‘Rift Valley’ and the ‘Shebelli and Juba’ basin.  The Nile basin drylands show a moderate increase in rainfall. 

By country (Figure A5), warming is greatest in the dryland areas occupied by Algeria, Mali and Botswana. Precipitation is projected to increase greatest in dryland areas of Algeria, Mauritania, Ethiopia, Kenya and Somalia but decrease greatest in dryland areas of Mozambique, Angola, Nigeria and Cameroon.






Though we use an ensemble of 5 GCMs to help manage the significant uncertainty between different GCMs, it should be understood that the results below are highly dependent on the climate scenario and GCMs used and represent the central tendency expected for change.  Results from individual GCMs may depart significantly from the central tendency shown here and different climate scenarios produce different rainfall futures.  Rainfall projections of GCMs are particularly uncertain both in magnitude, spatial pattern and direction of change (see Buytaert et al., 2010; Mulligan et al., 2011).

Rainfall change impacting African drylands directly
Here we examine projected changes in rainfall over the key food (croplands and pastures), water and energy (watersheds of dams) geographies of dryland Africa.  Figure A6 (a) shows that, for cropland areas in drylands, the overall rainfall change is an increase of +59 mm/yr (which is sufficient to offset potential higher ET under climate change, possibly resulting in no net change in water balance).  Geographically, 90% of dryland croplands show an increase in rainfall with only 9% showing a decrease.  For dryland rangelands (Figure A6b), the mean change in rainfall is +100 mm/yr with increases over 95% of dryland rangelands and  decreases over the remaining 5%.  If we examine populated areas (defined as >10 people/km2), the mean change continues to be an increase in rainfall that is sufficient to offset the greater evapotranspiration (Figure A6c).  Rainfall increases over 91% of the populated dryland area (affecting 100M people) and decreases over the remaining 9% (affecting 17 million people).
Rainfall change in the watersheds of dams affects hydropower and water resources for domestic, industrial and agricultural use.  For dam watersheds with areas of their catchment in the African drylands, the mean rainfall change for each watershed is shown in Figure A6d. The mean change in rainfall is +66 mm/yr with 92% of dammed areas showing rainfall increases upstream and 8% showing decreases upstream.  For the parts of watersheds within drylands, the mean rainfall change is +81 mm with 95% of the watershed area showing an increased rainfall and 5% a decrease (Figure A6e).  We can thus expect climate change to increase the climatic productivity of cropland and rangelands in African drylands and to generate more water in the watersheds of dams in these same regions.  All in all a climatic ‘net positive’ for water, food and energy in these regions with potential benefits locally, downstream and along the supply chain.  Whether the increase in climatic productivity is realised in yields depends very much on investment conditions, soil conditions and land management and on a wealth of other biophysical and socio-economic factors. We now compare this African dryland situation with the climate change projections for all areas in Africa in order to understand to what extent drylands mirror the overall continental projections for change.


Rainfall Change in all of Africa

The impact of climate change in drylands reflects the overall pattern for Africa of increasing rainfall.  Across all cropland areas, the mean projected change in rainfall is +32 mm/yr with increases over 64% of croplands and decreases over 36% (Figure A7a).  Over all African rangelands, the mean rainfall change is +64mm with increases over 64% of rangelands and decreases over 36%.  For populated areas, the mean rainfall change is +32 mm/yr with increases over 70% of areas (affecting 590M people directly) and decreases over 29% of areas (affecting 270M people directly).  





Given these rainfall increases differ from some of the previously published research that used different GCM, scenarios and definitions of dryland (eg. Collier et al., 2008; Cooper et al., 2008) here we examine some other  GCM ensemble combinations and emissions scenarios in order to understand the extent to which this 5 GCM ensemble mean is anomalous. Figure A8 (a) shows the number of GCMs (from an ensemble of 17) agreeing an increase in rainfall (>0) for the SRES A2a scenario.  For the driest of the drylands, all models agree wetting, for the wetter parts 9-14 out of 17 agree wetting.  For the A1b scenario (Figure A8(b))  the uncertainty is greater, with most GCMs agreeing wetting in the hyperarid regions and in the Horn of Africa but all  agreeing drying in coastal North Africa and most (10-23) agreeing drying in SW Africa.  On the basis of these scenarios, rainfall could increase or decrease in the most populous of the drylands, depending on the emissions scenario used.

Propogation of rainfall change in African drylands along food-water and energy supply chains
We use WaterWorld’s supply chain module to examine the teleconnections between climate change in Africa’s drylands and potential impacts on water-relevant commodity flows produced in these regions. A teleconnection is a relationship between a variable or variables over large distances, typically thousands of kilometres.  The WW supply chain module uses the UN Comtrade database (UN, 2013) of export values (USD) for the years 2007-2011 to map the key flows of agricultural products from dryland Africa as a means of highlighting international dependencies on agriculture in these areas. We calculate the proportion of national scale exports that could derive from Africa’s drylands according to the distribution of associated land.  For COMTRADE's 'all exports' we use the entire national territory but for specific commodities we use the  distributions of associated land covers that support the different commodity flows.  We use Ramankutty et al. (2008) [Cropland] for COMTRADE ‘crops’; Ramankutty et al. (2008) [Pasture] for COMTRADE ‘meat products’ and ‘dairy products’; [Cropland] and [Pasture] for COMTRADE ‘food products’; Monfreda (2008) [cereals] for COMTRADE  ‘cereal grain’; and (Mulligan et al., 2011) dam watersheds (but also WaterWorld’s surface mines and oil and gas) layers for COMTRADE  ‘electricity’.  In this study we mask these areas for drylands, herein defined.  The export values are re-scaled according to projected annual total change in rainfall in drylands under these land covers.   Thus the figures presented here are the baseline rainfall totals and scenario changes in rainfall supporting the commodity flows. If the commodity connections between countries remain broadly similar as today, these changes in rainfall are likely to affect those countries importing from drylands, either through change in supply (and thus price) or through the need to reconfigure imports to capture other supplies.  It is important to recognise that our focus here is on changes in climate (rainfall) supporting trade flows not changes in trade itself.  We assume both the pattern and magnitude of change remains the same as today and focus only on the climate change-related flow changes as an indicator of the propogation of climate risk through commodity supply chains.
No export data were available in COMTRADE for the following African countries: Angola,  Benin, Botswana, Cameroon, Chad, Comoros, Congo, Rep.,Congo, Dem. Rep., Equatorial Guinea, Eritrea, Gabon, Guinea-Bissau, Guinea, Lesotho, Liberia, Libya, Mali, Morocco, Mozambique, Sao Tome and Principe, Seychelles, Sierra Leone, Somalia, Swaziland, Western Sahara.  The results here are based on COMTRADE export data from: Algeria, Burkina Faso, Burundi, Central African Republic, Cote d’Ivoire, Djibouti, Egypt, Arab Rep., Ethiopia, Gambia,The, Ghana, Italy, Kenya, Madagascar, Malawi, Mauritania, Namibia, Niger, Nigeria, Rwanda, Senegal, South Africa, Spain, Sudan, Tanzania, Togo, Tunisia, Uganda, Yemen,  Rep., Zambia, Zimbabwe.  We first examine the baseline (current) rainfall falling on dryland areas in Africa and thus supporting current supply chains for commodities grown in those areas.  This gives an idea of the key beneficiary countries of current rainfall in Africa’s drylands.  We then examine what kinds of change those beneficiaries might expect to see under climate change.  We could have calculated green water (evapotranspiration) for the baseline but, since we cannot calculate this value for the scenario, we focus instead on total rainfall as the embedded quantity available to support production and we consider this rainfall and rainfall change to flow along supply chains.  There are clearly complexities in the potental translation of  rainfall to biological productivity and to commodity production, which relies on investment, infrastructure and markets, but nevertheless with all else equal, changes in rainfall will create or hamper such opportunities.

Baseline supporting rainfall flows from dryland Africa

All commodities [total: 24,646,290,049 Mm3 per 5 years] 








Dairy and meat are assumed to be produced in the same locations, as defined by the distribution of pastures, but countries to which supporting water flows are greatest differ between these commodity classes because of differences in the African dryland source countries that  importing countries source their meat and their milk from.  For electricity, supporting rainfall flows are greatest to African and Middle Eastern countries, flows to China likely represent Chinese investments in electricity production in Africa.  Having understood the countries benefitting from rainfall supporting production in Africa’s drylands under current conditions, we now move to analyse the likely impacts of climate change on these benefits received.

Change in supporting rainfall flows for all commodities [total: +9,876,102,110 Mm3  per 5 years , 40% of baseline rainfall]

In line with the generally higher rainfall projections for Africa’s drylands, the net change in supporting rainfall flows for all commodities exported from Africa’s drylands is around +9,876 billion m3 of water (9876 km3) or 40% of the baseline value, with particularly high increases in supporting rainfall for dryland exports to other countries in Africa and Southern Europe (figure A11).
	

Top 10 :Country        2007 to 2011 (Mm3  per 5 years)Senegal	 210,000,000Congo, Rep.	 180,000,000Portugal	 180,000,000Benin	             140,000,000Argentina	 130,000,000Greece	             130,000,000Egypt     	 130,000,000Australia	 130,000,000Nigeria	             120,000,000Georgia	 110,000,000	Bottom 10: Country      2007 to 2011 (Mm3  per 5 years)Tonga	             2,400,000Niue	            2,300,000Bhutan	            2,200,000Wallis Island	1,800,000Kiribati	 140,000Vatican City	 130,000Palau	             42,000W. Sahara	 110Montserrat	 -180,000St. Pierre	 -230,000
Table 1 Top 10 countries for increasing or decreasing supporting rainfall flows under climate change along supply chains from Africa’s drylands for all commodities.  Based on data from  UN Comtrade, DESA/UNSD







African drylands cover a significant proportion of the continent, are home to much of the continent’s cropland and rangelands and support significant local human populations.  Climate change will  impact  Africa. These impacts may serve to increase water availability through increased rainfall.  Contrary to popular perception this could potentially lead to Africa becoming a bright spot for future food security locally, and a significant breadbasket providing increased supply to global food-water-energy supply chains.  This would be good news for Africa and beyond but is highly sensitive to GCM uncertainty since these water positives are the result of increased rainfall offsetting the enhanced evapotranspiration arising from warming.  GCMs are particularly uncertain when it comes to rainfall projections so we have used a multi-model ensemble to capture and reduce the overall projection uncertainty, but significant uncertainty remains between different emissions scenarios.  
The benefits of this increased rainfall will be felt internationally along the supply chains for commodities derived from Africa’s drylands and will vary with commodity.  The impact of climate change on a particular country is thus the direct impact of climate change within the country in question combined with the impacts of climate change that teleconnect along the commodity supply chains originating in all of the countries from which it sources water-food-energy.  The dis-benefits of changing rainfall in dryland Africa will be received differentially by countries throughout the world because of these supply chain teleconnections.  The extent to which a country benefits depends upon: (a) the magnitude of the commodity flow; (b) the extent to which it is sourced in drylands in Africa, (c) the geographical footprint from which the commodity is sourced,   (d) overlap of GCM-projected rainfall change with that footprint and finally, (e),  the number of import sources that a country is reliant upon and  the distribution of these sources relative to projected patterns of climate change.  
This is the first study to map Africa’s climate future including it’s impact on water-food and energy both locally and along international supply chains.  The exercise shows the relative food-water-energy productivity of African drylands and the extent of local, nearby and also remote teleconnections with this productivity and the rainfall that supports it.  We show how climate change could affect these teleconnections and, under some emissions scenarios, could lead to an emergence of Africa as an increasingly important source of food-water-energy related commodities.  The extent to which this could happen will depend upon (a) to what extent the projections of increased rainfall are accurate, (b) the accuracy of the commodity distribution maps and export data used to represent current and future distributions of these elements (c) whether or not local and foreign direct investment will provide the African agricultural capacity to make use of  this extra water and avoid soil and other limits to productivity.
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